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Abstract
近年、世界各地の研究教育機関が小型衛星搭載直線偏波の合成開口レーダ
（SAR）を開発している。千葉大学では、高精度かつ常に観測可能な円偏
波 SAR（CP-SAR）搭載の小型衛星を開発している。直線偏波に対して円
偏波の SARセンサは電離層でのファラデー効果の影響が抑圧でき、小型衛
星の姿勢に影響されることなく、対象物の形状・姿勢に高感度で反応するた
め、高精度の画像を取得することができる。この小型衛星搭載 CP-SARを
実現するために、本研究では、各種の段付セプタムポラライザーを調査し
て、小型衛星 SAR用ピラミッド型 Xバンド円偏波ホーンアンテナを提案
した。このアンテナは、小型衛星をはじめ、無人航空機、航空機などに活
用できる。このセプタムポラライザーの形状には二項分布関数、ポアソン
分布関数およびガウス分布関数を使用した。シミュレーションと測定の結
果を比較して、利得 7dBic以上、軸比 3dB以下、周波数帯域幅 800 MHz
以上などの要求仕様を満足したことを確認した。本研究の結果は、小型衛
星用 SARセンサの開発に貢献するものである。
iii
Abstract
In recent years, research and educational institutes in various parts of the
world have developed synthetic aperture radar (SAR) of linear polarization
onboard small satellites. Chiba University is developing a small satellite
with high accuracy and always observable circular polarization SAR
(CP-SAR). A circularly polarized SAR sensor can suppress the influence of
the Faraday effect in the ionosphere with respect to linear polarization, and
respond highly efficiently to the shape and attitude of the object without
being affected by the attitude of the small satellite, so Images of accuracy
can be obtained. In order to realize this small satellite CP-SAR, in this
research, we investigated various stepped septum polarizers and proposed
a pyramidal X band circular polarization horn antenna for small satellite
SAR. This antenna can be used for small satellites, unmanned aerial
vehicles, aircraft, etc. A binomial distribution function, a Poisson distribution
function, and a Gaussian distribution function were used for the shape of
the septum polarizer. The simulation and measurement results were
compared to confirm that the required specifications such as gain of 7 dBic
or more, axial ratio of 3 dB or less, and frequency bandwidth of 800 MHz or
more were satisfied. The results of this study contribute to the development
of SAR sensors for small satellites.
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Chapter 1
Introduction
1.1 Motivation and Objective of research
Chiba University particularly Josaphat Microwave Remote Sensing Laboratory
(JMRSL) is developing Circularly Polarized Synthetic Aperture Radar (CP-
SAR) remote sensing microsatellite. Commonly CP-SAR sensor build with
microstrip antenna (MCA) due to it is planar and easy to fabricate. However,
some benefit of Horn antenna, which are high gain, wide bandwidth, and good
directivity is preferred in some cases. The drawback of horn antenna is it has
bulky and heavyweight when array configuration with waveguide network is
employed with solid metal aluminum.
This research utilized horn antenna for CP-SAR sensor with 3D printed tech-
nology fabrication called fused deposit modeling (FDM). By using 3D printer
technique, the Horn antenna becomes lighter and low cost because only about
15% infill material used to construct its structure and only a thin copper con-
ductive layer is employed on its surface. Therefore, it is suitable for limited
1
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Figure 1.1: Horn Antenna Microsatellite Design
space and weight in microsatellite. In order to increase gain and focusing
beamwidth the design of horn antenna configure in an array with 8x8 elements
for each panel antenna as can be described in figure 1.1.
In this research, the antenna will be developed to operate in X band 9.6 GHz,
which have a wide bandwidth of approximately 800 MHz to produce fine SAR
range resolution in undeployed system Microsatellite. The pulse bandwidth of
50-800 MHz chirp signal can be transmitted well with this enough bandwidth
antenna. By using this wide bandwidth chirp and equation 2.6 the range
resolution can be achieved to 18.8 cm.
There are many methods to produce circularly polarized horn antenna. Some
researcher, produce circularly polarized horn antenna with stepped septum
polarizer that transforms linearly polarized microwave signal to circularly po-
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larized [24]. Also, other methods such as provide metamaterial in some part
of a horn with novel shape also transform linearly polarized to circularly po-
larized [25, 26]. In this research novel shape (Binomial, Gaussian and Poisson
septum profile) of polarizer were introduced so that wide bandwidth and a
small number of the parameter can be implemented in building circularly po-
larized horn. Moreover, using the novel shape make it easier to be realized
using a 3D printer and conductive metal coating.
Furthermore, feeding design in this research was made using microstrip in order
to reduce dimension (more planar) and easy integration with the SAR system.
1.2 Contributions
The contributions of this research to the related topics are summarised as
follows:
• We have designed and developed a novel method to make wideband Cir-
cularly Polarized pyramidal horn antenna with 3D printer fabrication
technique that produces very lightweight using three distribution func-
tion.
• We have made very low parameter septum polarizer using three distri-
bution function and easier to develop using 3D printer technique and
microstrip feeding method.
• We have measured the performance of the developed antennas and com-
pared to the simulated results which show good agreement.
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The dissertation is focusing on design an antenna horn that generates cir-
cularly polarized microwave for X band CP-SAR sensor candidate onboard
microsatellite.
Organization of dissertation are as follows; background research and motiva-
tion objective are discussed in chapter 1, while theory and background design
are explained in chapter 2, next are several procedures and methodology that
has been done in this research are described in chapter 3. Simulation and
experimental results are discussed in chapter 4, as well as the explanation. Fi-
nally, the future direction of research and conclusion are explained in chapter
5.
Chapter 2
Background Theory and Design
Radar is a term from radiation detection and ranging. It has been known since
1900 when Tesla described the concept that detection could be done with elec-
tromagnetic and it can use in velocity measurement. In addition, Hulsmeyer
in 1903 and 1904 has experimented with detection of a ship from radio wave
reflection. Radar function is to detect a range of object by measuring the de-
lay between the transmitted wave and reflected wave to the receiver with the
following formula :
R =
ct0
2
(2.1)
Where R is a distance of the target to radar sensor, c is the speed of electro-
magnetic in space, and t0 is electromagnetic traveling time.
Monostatic pulse radar system can be described in Figure 2.1. A signal gener-
ator produces a waveform that suitable for radar such as chirp signal a sweep
frequency baseband signal. Then, the transmitter modulates this signal to
higher RF frequency with a higher power level. In addition, transmitter out-
5
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Figure 2.1: Monostatic Radar System
put is fed to the antenna through a duplexer or circulator. Next, in antenna
electrical signal energy will change to electromagnetic wave that travels to tar-
gets and reflected wave from an object would receive back to the antenna. The
received signal amplify with low noise amplifier, and the output will be modu-
lated with a signal from the local oscillator in a mixer to change to intermediate
wave. The output signal of the mixer in IF stage will be amplified again to
enough level that can be continued with the signal processor where this signal
will be treated with several processes such as match filtering, Doppler filter-
ing, integration, and motion compensation. Finally, The output of the signal
processor can be displayed with a monitor for detection in term of range and
angle coordinate or imaging. Besides, the data processor will save the data to
memory. Azimuth resolution or cross range in radar depend on target range
and antenna beamwidth as stated in equation below :
5CR = 2R0 sin
(
θaz
2
)
≈ R0θaz (2.2)
In addition θaz on antenna can be described with following equation.
Θaz = k
λ
Daz
, (2.3)
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or
5CR = R0 λ
Daz
(2.4)
Radar equation 2.4 with limited antenna dimension will produce very large
resolution image if platform such satellite in Low Earth Orbit 500 km operate.
Two dimensions of radar image with finer resolution is required in remote
sensing area for earth surveillance. It can be done with a new technique called
synthetic aperture radar (SAR). Firstly, this method is described and demon-
strated by Carl Wiley in 1951 with his patent in 1965, where this technique is
well known as Doppler beam sharpening (DBS)[15].
SAR resolution becomes finer and better due to synthetic length of aperture
with time travel Ta so that cross range resolution becomes :
5CR = λR
2vTa
=
λR
2DSAR
(2.5)
Where v is platform speed.
8Table 2.1: SAR Sensor Parameters of Three Satellites(Franceschetti, 1999)
ALMAZ-1 IERS-1 RADARSAT
Country Russia Japan Canada
Platform Satellite Satellite Satellite
Launch date 3/1991 2/1992 11/1995
Frequency (GHz) 3.1 (S-Band) 1.2 (L-Band) 5.3 (C-Band)
Polarization HH HH HH
Swath width (km) 30-45 75 50-500
Antenna Dimension (m) 12 x 1.5 12 x 2.4 15 x 1.5
Transmitted Peak Power (Kw) 250 1.3 5
Orbit Altitude (Km) 300-70 570 790-820
Look Angle (deg) 20-65 38 20-60
Pulse Bandwidth (MHz) - 15 11.6,17.3,30
Pulse Repetition Frequency (PRF) 3000 1506-1606 1270-1374
Some countries had been developed SAR on space-born platform as can be
seen in table 2.1 with detail sensor parameters.
All three satellites operate in linear polarization which transmits horizontally
polarized wave and also receives the same polarization. Linearly polarized
microwave in SAR has some drawback due to Faraday effect and platform
movement it can reduce received power because of polarization mismatch [23,
19]. Therefore Circularly polarized and ellipse polarized SAR sensor has been
developed in recent years to overcome that mismatch loss. Also employing
circularly polarized sensor in SAR will add information image such as axial
ratio, and tilting angle[18]. One of CP-SAR sensor specification design is
shown in table 2.2. Compare to linear polarized SAR in table 2.1 CP-SAR in
table 2.2 use lower power approximately 300 Watt, which is also a benefit of
using circularly polarized wave for SAR.
Frequency operation CP-SAR in table 2.2 is 1.27 GHz or L Band almost similar
with JERS 1 in table 2.1. However, the sensor polarizations are different, the
CP-SAR brings Right handed circularly polarized (RHCP) and Left handed
9Table 2.2: Specification of CP-SAR Onboard Microsatellite (Tetuko,2012)
Altitude 500 ∼ 700 km
Inclination Angle 97.6 degrees
Wavelength/Frequency 24 cm / 1.27 GHz
Polarization TX: RHCP+LHCP
RX:RHCP+LHCP
Gain/Axial Ratio >30 dBic / < 3dB (main beam)
Off nadir angle 29 degrees (center)
swath width 50 km
Peak Power 90 ∼ 300 W (PRF 2000 ∼ 2500 Hz, duty 6% )
Bandwidth 10 MHz (Chirp Pulse)
Platform Size 1m x 1m x 1m
weight 200 kg
Antenna Size Elevation 1m x azimuth 4 m x 2 panel RHCP and LHCP
polarized (LHCP) antenna in both transmitter and receiver to provide full
polarimetric SAR image. The SAR image will have range resolution which
depend on pulse chirp bandwidth. In this table 2.2 the bandwidth is 10 MHz
consequently range resolution becomes :
5R = c
2B
;5R = 3× 10
8
2× 10× 106 ;5R = 15meters (2.6)
Increasing resolution of SAR in a range can be made with increasing band-
width as stated in equation 2.6. In Civil applications, SAR image with high
resolution will give an improvement in decision making such as in these areas
of application:
- Pollution
- Fires
- Volcanic activity
- Ship traffic control
- Land traffic control
- Environmental disasters
2.1. Pyramidal Horn 10
- Crisis monitoring
- Urbanization control
- Coast erosion
This chapter is also presenting importance background theory in the design
of CP-SAR sensor onboard microsatellite based on horn antenna. Particularly
pyramidal horn antenna design with an optimum gain method that decides
horn aperture dimension from gain and dimension waveguide. Some back-
ground theory of waveguide, microstrip, polarizer, and antenna parameters
are also shortly explained in this chapter.
2.1 Pyramidal Horn
Horn antenna can be made by flaring its neck waveguide to e-plane direction
or h-plane direction or both side e and h plane direction on horn aperture
(pyramidal horn). By flaring its aperture can reduce return losses so the horn
ack like transformer impedance between a waveguide and air space or from
50 ohms to 377 ohms. The gain of horn antenna is also increased because
of increasing aperture. Also, increasing aperture affect antenna beamwidth
decreased or narrower the beamwidth. Pyramidal horn geometry design is
shown in Figure2.3.
Design pyramidal horn antenna based on optimum gain as in Ballanis, A.C.
[Antenna theory analysis and design, 2016] can be done from gain required
and wave guide dimension (a and b) . The design procedure as follow :
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Figure 2.3: Pyramidal Horn Geometry[8]
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firstly, the design try to find χ value that satisfy the following equation :
(√
2χ− b
λ
)2
· (2χ− 1) =
(
G0
2pi
√
3
2pi
1√
χ
− a
λ
)2(
G20
6pi3
1
χ
− 1
)
(2.7)
as first trial, the value of χ can be found with this following equation :
χ (Trial) = χ1 =
G0
2pi
√
2pi
(2.8)
then, the radii length in e and h plane can be stated with this following equation
:
ρe
λ
= χ (2.9)
ρh
λ
=
G20
8pi3
(
1
χ
)
(2.10)
Next, the horn aperture a1 and b1 can be determined with this following
equation :
a1 =
√
3λρ2 ∼=
√
3λρh =
G0
2pi
√
3
2piχ
λ (2.11)
b1 =
√
2λρ1 ∼=
√
2λρe =
√
2χλ (2.12)
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Figure 2.4: Square Waveguide and Stepped Septum
Finally, axial length in e and h plane can be gotten with this equation :
Pe = (b1 − b)
[(
ρe
b1
)2
− 1
4
] 1
2
(2.13)
Ph = (a1 − a)
[(
ρh
a1
)2
− 1
4
] 1
2
(2.14)
Where G0 is gain required , a1 and b1 is horn aperture in e-plane and h-plane
respectively.
2.2 Polarizer
A polarizer will change linearly polarized wave to circularly polarized wave
inside square waveguide or circular waveguide generate TE01 mode, and TE10
mode with phase shift 90 degree and equal amplitude. The common used
stepped septum polarizer has ten parameters to be controlled that are width
and height of every step in order to get a good circularly polarized wave or
axial ratio less than 3dB as a minimum criterion of a circularly polarized wave.
An alternative Gaussian distribution function profile polarizer was made to
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a=b
b
Figure 2.5: Gaussian Profile Septum Polarizer
reduced parameter number and made fabrication easier with 3d printer FDM
technology.
Gaussian probability mass density function has the following form :
P (x) =
1√
2piσ
e−(x−µ)
2/2σ2 (2.15)
We added a variable to adjust its Gaussian septum amplitude :
P (x) = A
1√
2piσ
e−(x−µ)
2/2σ2 (2.16)
Electric field with the same amplitude and 90 degree phase sift in front of horn
aperture is required to obtain circularly polarized wave. it can be explained
with following equation.
→
E (θ, φ) =
→
θ Eθ (θ, φ) e
jθ1+
→
φ Eφ (θ, φ) e
jθ2 (2.17)
Eθ (θ, φ) = Eφ (θ, φ) (2.18)
φ2 − φ1 = pi
2
(2.19)
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b
0
a=major axis
b=minor axis
a
Figure 2.6: Polarization ellipse traced as a function of time
If electrial field polarization turn clockwise it is called RHCP, while turning
to counter clockwise it is called LHCP. The graphical electrical field in plane
function time can be described in Figure 2.6 Where axial ratio less than 3dB
is Circularly polarized wave constraint criteria. Axial ratio is a comparison
value between the major axis and minor axis, as can be stated below :
AR =
a
b
(2.20)
2.2.1 Septum Polarizer working principle
The septum polarizer inside square waveguide transforms a circularly polar-
ized wave in a square waveguide to linear polarized wave in one of rectangular
waveguide. The working principle of septum polarizer inside the square waveg-
uide is described in figure 2.7. In a square waveguide, TE01 and TE10 exist
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Figure 2.7: Analysis of septum polarizer working principle[14]
with a 90-degree phase time delay with the same magnitude. Normal compo-
nent toward septum polarizer and parallel component electric field vector exist
in this square waveguide. When entering the septum region, the normal com-
ponent will be divided with the same direction field vector. While the parallel
component is divided into a different direction in both rectangular waveguides
where at the end of septum become back-to-back direction. Finally, superpo-
sition of two-component vector is canceled in one rectangular waveguide and
combine well in the other side.
The polarizer can be represented as equivalent network in figure 2.8 which
ai and bi are the incident and reflected magnetic and electric fields at port i
(i=1,2,3,4).
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Figure 2.8: Polarizer Equivalent Network
2.2.2 Event-Mode Excitation
When an even mode is excited in the rectangular waveguide region (a1 = a2 =
1, a3 = a4 = 0), the upper and lower rectangular waveguide has the same
electric and magnetic field directions. While in septum wall or common wall,
the currents have opposite directions. Thus, a slot in septum does not disturb
the field and current flow in one waveguide. The current will be returned to
another guide through the slot. As a result, the propagation of the event mode
wave will be not affected by the septum, and total energy will transfer into
TE10 mode in the square waveguide.
2.2.3 Odd-Mode Excitation
When odd-mode excited in the rectangular waveguide (a1 = 1, a2 = −1, a3 =
a4 = 0) the electric and magnetic field have the opposite of event mode. The
current in septum wall have the same direction and cause field disturbance
producing mode coupling and reflection when a slot is introduced in the sep-
tum wall. The energy in this mode will be partially reflected and partially
transferred to TE01 mode in the square waveguide region.
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2.3 Probability distribution mass function
The probability distribution of random variables X is a probability chart that
relates to possible values of X. For discrete random variables, distribution is
often determined only by a list of possible values along with their respective
probabilities. In some cases, it will be easier to state the probability in the
equation[3].
For a discrete random variable X with possible values x1, x2, ..., xn, a proba-
bility mass function is a function such that
f(xi) ≥ 0
n∑
i=1
f (xi) = 1f (xi) = P (X = xi) (2.21)
Two numbers are often used to analyze probability distributions for random
variables X. Mean is the central or middle value of a probability distribution,
and the variation is the size of the spread or variability in distribution. These
two measures do not specifically identify a probability distribution. That is,
two different distributions can have the same mean and variance. However,
these simple terms can provide a useful summary of the probability distribution
X.
2.3.1 Binomial Distribution
The random variable X that equals the number of trials that result in a success
has a binomial random variable with parameters and The probability mass
function of X is
F (x) =
 n
x
 px(1− p)n−x (2.22)
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where
 n
x
 is combinatorial notation:
 n
x
 = n!
x!(n− x)! (2.23)
2.3.2 Gaussian Distribution
Random variables can be shaped in bell curve, which different center and
width. This shape of distribution called Gaussian or normal distribution. The
center of bell-shaped curve is determined by value of mean µ while the width
of the curve is determined by value of variance σ2.
Probability density function for Gaussian distribution is stated in below equation[3]
:
f (x) =
1√
2piσ
e
−(x−µ)2
2σ2 (2.24)
2.3.3 Poisson Distribution
Poisson distribution function paper was firstly published in france in 1837[7]. If
x is random variable, the probability mass function distribution of x in poisson
distribution function can be defined as[6, 5] :
F (x) =
λx.−λ
x
, x = 0, 1, 2, ... (2.25)
where λ is variance and mean of the distribution.
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mainlobe
sidelobe
minorlobe
backlobe
Figure 2.9: Radiation Pattern of Horn Antenna
2.4 Radiation Pattern
The radiation pattern is a graphical representation that describes an electrical
field, magnetic field, or power in the far-field region with a function of elevation
and azimuth angle. It can be in 3 dimension figure or 2 dimension figure
representation.
As can be seen in figure 2.9, radiation pattern can show radiation power pattern
in dB in order to make it easier to read. The biggest value is called the main
lobe; others called minor lobe. The minor lobe on near to the main lobe can be
called as sidelobe while the opposite direction of main lobe 180 degrees can be
called as the back lobe. In Radar, SAR, and communication system main lobe
is used while minor lobe such as sidelobe and back lobe tends to be suppressed
in order to avoid false detection.
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Half power beamwidth (HPBW) in SAR is importance in the swath width
calculation. This value is defined -3dB from the main lobe or 0.707 in linear
scale value of power radion pattern (ballanis, 2005). HPBW is dependent on
wavelength and antenna length as equation below.
HPBW = k
λ
La
(2.26)
where k is constant approximately 0.8, La is antenna length dimension.
2.5 Antenna Gain
The gain antenna is a comparison between intensity at given direction toward
intensity radiation accepted from a power that spread with isotropic.
G =
4piU (θ, φ)
Pin (losslessisotropicsource)
(dimensionless) (2.27)
where isotropic standard antenna usually employ dipole antenna, horn antenna
and etc. that the gain already known. If reflection losses and radiation effi-
ciency are considered in gain or called real gain of antenna than the above
equation becomes :
Gre =
erecd4piU (θ, φ)
Pin (isotropic)
(2.28)
whre er is efficiency of reflection losses, and ecd is antenna efficiency radiation.
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Usually gain represent in decibell, then above equation is stated below :
Gre (dB) = 10 log
(
erecd4piU (θ, φ)
Pin (isotropic)
)
(2.29)
2.6 Antenna Bandwidth
Antenna bandwidth is a range frequency that fulfilling some necessary stan-
dard. It is usually represented in a comparison between upper frequency minus
lower frequency toward center frequency or resonance frequency.
BW =
fupper − flower
fcenter
100% (2.30)
Where fupper or flower frequency is the highest or lowest frequency that sat-
isfies the necessary standard requirement, for example, a requirement in the
circularly polarized antenna is the axial ratio below 3dB.
2.7 Microwave metal material
Metal is important in a microwave since it brings and guides the energy of
microwave to a particular direction. One important characteristic of the metal
is conductivity. Table 2.3 give detail metal conductivity that usually uses in
the microwave region.
In this research use copper as a surface coating of a horn antenna and feeding
line on a dielectric substrate because it is excellent in conductivity and price.
General description of copper is given in table 2.4 :
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Table 2.3: Metal Conductivity(Lavergetta,2000)
Material Conductivity(mho/meter)
Silver 6.30 x 107
Copper 5.85 x 107
Gold 4.25 x 107
Alumunium 3.50 x 107
Indium 1.11 x 107
Tin 0.877 x 107
Lead 0.456 x 107
Table 2.4: Copper(lavergetta,2000)
Symbol Cu
Color Reddish brown
Properties Soft and easily shaped; resist corrosion
Specific Gravity 8.9
2.7.1 Copper Skin Depth
Coating layer thickness should consider depth penetration characteristic which
is represented as skin depth value. For copper the skin depth at 10 GHz can
be calculated as :
δs =
√
2
ωµσ
=
√
1
pifµ0σ
= 5.03× 10−3
√
1
5.813× 107 = 6.6× 10
−7m (2.31)
Therefore only a very thin copper layer is needed to make a surface become
conductive and able to propagate microwave with low loss.
2.8 Waveguide
The electromagnetic field can be propagated inside a hollow metal pipe called
waveguide. This can happen if its wavelength is small enough to travel inside
or in very high frequency. The shape of the waveguide can be in circular,
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Figure 2.10: Coordinate Chosen for the rectangular waveguide (feynman, et.al
1977)
ellipse, and rectangular. The coordinate of the rectangular waveguide can be
described in Figure 2.10.
The wave travel along z-axis, the E field is perpendicular with propagation in
y-axis direction along x-axis as a harmonic function of sin (kxx) and can be
shown more detail in figure 2.11 .
Also, the wave travel change field between negative and positive along the z-
axis as can be shown in figure 2.12, where propagation of field along the z-axis
in term of cos (ωt− kzZ).
so the wave inside waveguide can be stated as :
Ey = E0 sin kxxe
i(ωt−kzz) (2.32)
where kxa = npi and n is any integer value. Besides the electric field, there are
magnetic fields that will travel with the wave as can be shown in figure 2.13.
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Figure 2.11: The electric field in the waveguide at some value of z(feynman,
et.al 1977)
Figure 2.12: the z dependence of the field in the waveguide(feynman, et.al
1977)
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Figure 2.13: The magnetic field in waveguide(feynman, et.al 1977)
The lines of B will circulate the regions in which ∂E/∂t is the largest.
The wave travel speed and wavelength in the waveguide can be expressed as
below :
v =
ω
kz
(2.33)
λg =
λ0√
1− (λ0
2a
)2 (2.34)
where a is waveguide length dimension in x axis, λ0 is free space wavelength,
ω is frequency and kz is wavenumber.
2.8.1 Cut of Frequency
Cut off frequency is a critical frequency where below ωc = pic/a the waves do
not propagate down the guide. This critical value is utilized in determine the
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waveguide width a.
The critical value is derivated from maxwell equation of electric field inside
waveguide 2.32.
∂2Ey
∂x2
+
∂2Ey
∂y2
+
∂2Ey
∂z2
− 1
c2
∂2Ey
∂t2
= 0 (2.35)
kx
2Ey + kz
2Ey − ω
2
c2
Ey = 0 (2.36)
kx
2 + kz
2 − ω
2
c2
= 0 (2.37)
kx has been already defined before, therefore kz as wave number of wave prop-
agation can be stated as :
kz =
√
(ω2/c2)− (pi2/a2) (2.38)
The critical value kz = 0 is happened when ωc = pic/a and at this value no
wave will propagate down the waveguide.
The cut of frequency of rectangular waveguide in TE mode [4] is stated as :
fCmn =
1
2pi
√
µ
√(mpi
a
)2
+
(npi
b
)2
(2.39)
where µ is permeability and  permittivity of material that filled waveguide, a
and b are inside width and height of the waveguide, m and n are number of
1
2
λ of field in the a and b direction respectively.
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Figure 2.14: Microstrip ; Configuration(a) Skecthed Field line(b)[4]
2.9 Microstrip
One of the famous planar transmission lines is microstrip. It can be fabricated
by photolithographic processes and easily integrated with other microwave cir-
cuits components. The geometry configuration of microstrip is shown in Figure
2.14a. A copper of width W is printed on a thin, grounded dielectric substrate
of thickness d and relative permittivity r. The Fieldlines are sketched in
Figure 2.14b.
Since field lines are pass through dielectric subtrate and air, the effective per-
mittivity of microstrip is between 1 and r and is given approximately by [4]
:
e =
r + 1
2
+
r − 1
2
1√
1 + 12d/W
(2.40)
From above equation, e is depent on substrate thickness d and copper strip
line width W. In addition, the characteristic impedance can be calculated from
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them as stated below[4] :
Z0 =
60√
e
ln
(
8d
W
+
W
4d
)
forW/d ≤ 1 (2.41)
Z0 =
120pi√
e [W/d+ 1.393 + 0.0667ln (W/d+ 1.444)]
forW/d ≥ 1 (2.42)
In addition, researchers want to design a microstrip line at given impedance
Z0 and dielectric constant r, the W/d ratio can be found (Pozar,2005) :
W/d =
8eA
e2A − 2forW/d < 2 (2.43)
W/d =
2
pi
[
B − 1− ln (2B − 1) + r − 1
2r
(
ln (B − 1) + 0.39− 0.61
r
)]
forW/d > 2
(2.44)
Microwave signal propagates in a subtrates microstrip with velocity and phase
as equation below[4]:
vp =
c√
e
(2.45)
φ =
2pi
√
e
λ
l (2.46)
where l is the length of microstrip line conductor.
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Figure 2.15: Stripline transmission line (a)Geometry. (b)Electric and Magnetic
Field Lines[4]
2.10 Stripline
A stripline is a planar transmission line that supports TEM mode opera-
tion since it has two conductors between the thin conducting strip and a
homogenous dielectric substrate. In the figure below, the description of the
microstrip line is shown, and the characteristic impedance of stripline has fol-
lowing formula[4].
Z0 =
30pi√
r
b
We + 0.441b
(2.47)
where We is the effective width of the center conductor given by.
We
b
=
W
b
− 0 for W
b
≤ 0.35 (2.48)
We
b
=
W
b
−
(
0.35− W
b
)2
for
W
b
≥ 0.35 (2.49)
inverse formula 2.49 is preferred when designing stripline, derivation of 2.49
can be stated as :
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W
b
= x for
√
rZ0 ≤ 120 (2.50)
W
b
= 0.85−√0.6− x for √rZ0 ≥ 120 (2.51)
where
x =
30pi√
rZ0
− 0.441 (2.52)
2.11 Array Antenna
Single element antenna usually has low gain and wide beamwidth. Narrow
beamwidth and high gain is required for spaceborn SAR sensor. Therefore
multielement antenna or array antenna is solution to increase gain and focusing
beamwidth.
2.11.1 Linear Array
Linear array configuration puts every element antenna in one row dimension
such as shown in figure 2.16 which every single element arrange in Z axis with
the same distance d between them.
The total electric field in this geometry is a multiplication of single element
source with array factor which (for the same amplitude excitation and element)
stated as :
AF =
N∑
n=1
ej(n−1)Ψ (2.53)
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Figure 2.16: Linear Array Geometry.[8]
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Figure 2.17: Planar Array geometry.[8]
where ψ = kd cos θ + β and β represents the phase by which the current in
each element leads the current of the preceding element.
2.11.2 Planar Array
Array antenna also can be configured in a rectangular grid where every single
element have placement distance dx and dy in x and y-axis respectively with
the nearest element as shown in the figure.
In this configuration, the total electric field is multiplication of array factor in
x and y with single element source. The array factor of the planar array is :
AF = I0
M∑
m=1
ej(m−1)(kdx sin θ cosφ+βx)
N∑
n=1
ej(n−1)(kdy sin θ sinφ+βy) (2.54)
where I0 is equal amplitude excitation of the entire array element.
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2.12 Computer Simulation Technology (CST)
CST software (Computer Simulation Technology) is an electromagnetic sim-
ulator with good numerical abilities. It can simplify complex structures with
Maxwell’s equations numerically inside the structure. CST provides complete
insight into the Electric field and magnetic field inside the structure in the time
domain or frequency domain. It also allows predictions of circuit response and
designed antennas before entering expensive and complicated fabrication pro-
cesses.
After the antenna structure and circuit are made in the CST environment,
simulation using CST can be done by study parameters to get the desired
circuit or antenna output properties. This is through with the sweep function
and optimizer function parameters.
For circuits with a small size used frequency-domain solver with meshing tetra-
hedral type, as for circuits that have medium size can be used time-domain
solver more suitable.
Chapter 3
Design, Fabrication, and
Analysis
This chapter will present some procedure of design, fabrication, and analysis
that has been used in the experiment. The horn, waveguide, and cavity were
built with 3d printer FDM technology while feeding input was made from
microstrip NPC 220A with 2.17 dielectric constant.
3.1 Waveguide design
The rectangular waveguide was designed in TE01 mode and operated from 9.2
to 10 GHz frequency. The dimension of the waveguide can be designed on
cut-off frequency [4]. In this research cut off frequency was chosen at 7 GHz.
fc =
1
2a
√
µ
√(m
a
)2
+
(n
b
)2
(3.1)
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Where :  = dielectric constant µ = permeability constant a = width of
waveguide b = height of the waveguide m,n = integers defining number of
half-wavelengths that will fit in a and b dimensions, respectively. Cut off
frequency for TE01 mode waveguide can be expressed as [4]:
fc =
1
2a
√
µ
(3.2)
From the equation above, the waveguide is designed at 21 mm x 10 mm.
3.2 Pyramidal Horn design
Pyramidal horn design according to gain and waveguide inner dimension (a
and b). Since the square waveguide as the input for horn antenna, then the
inner dimension of it is 21 mm x 21 mm. The gain is decided at medium (11-
12 dBiC) in order to get small dimension aperture and length. By employing
equation 2.8 in chapter 2, the χ value can be selected firstly:
χ1 =
1011/20
2pi
√
2pi
= 0.22528 (3.3)
evaluated this χ value to equation 2.7, after several iterations χ = 0.2834 is
satisfied 2.7 and selected in this design. The radii length in e-plane and h-plane
can be found using 2.9 and 2.10, ρe = 5.59642 and ρh = 19.74744 at 9.6 GHz
center frequency.
Next step, horn aperture dimension can be selected with equation 2.11 and
2.12: 43 mm x 23.5 mm. While the horn length can be found using equation
2.13 or 2.14, its length is 4.37 mm.
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Table 3.1: Final Design of Pyramidal Horn parameter
Parameter Binomial Poisson/Gaussian
Pyramidal Horn Pyramidal Horn
Axial length 50 mm 55 mm
Aperture 40 mm x 40 mm 37.5 mm x 45 mm
Figure 3.1: Feeding Waveguide with Coaxial Probe
The optimum gain method result is used as an initial design value to simulate
in CST. Final design value for binomial polarizer pyramidal horn antenna,
Poisson, and gaussian polarizer pyramidal horn antenna are as shown in table
3.1.
3.3 Feeding Design
Feeding a waveguide usually with coaxial probe as can be seen in figure 3.1.
The probe rule of thumb has dimension λ0
4
length and position to end cav-
ity λg
4
length. This research utilized microstrip as feeding of waveguide that
monopole strip represent coaxial probe. The microstrip feeding was designed
to operate from 9.2 GHz to 10 GHz or at 9.6 GHz center frequency. NPC
F220A microstrip PCB was utilized in this design, which has 2.17 dielectric
constant and 0.0005 loss tangent. Rectangular and ellipse shape monopole
stripline was used in this feeding method where the rectangular shape was
feed with common microstrip line, while ellipse shape monopole was feed with
stripline. For example, in figure 3.2 is shown ellipse shape microstrip feed of
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Figure 3.2: Poisson Polarizer Horn Antenna Ellipse shape Microstrip Feeding
Figure 3.3: Effect of Ellipse Shape Microstrip Feeding Diameter to S11
Poisson polarizer horn antenna. The diameter of ellipse in E-plane was chosen
initially with this equation[9] :
D = 0.24λg;λg =
λ0√
r
(3.4)
Parametric study of the ellipse shape feeding diameter was done in CST sim-
ulation and give result as figure 3.3.
It is seen that 4.5 mm minor ellipse diameter suitable to give very wide band-
width From 9 to 12 GHz, while higher than this diameter or lower one tend to
sift S11 value to a higher frequency, make lower S11 amplitude and narrower
the S11 bandwidth.
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Figure 3.4: Rectangular monopole microstrip waveguide feeding in Binomial
Polarizer Horn antenna
Figure 3.5: Effect of Rectangular Shape Microstrip Feeding length to S11
Binomial polarizer horn antenna feeding design is shown in figure 3.4. With
rectangular monopole microstrip line. The length of the microstrip line sweeps
to three different lengths with fixed 2 mm width (Wf) to get the best S11
bandwidth in working frequency. The simulation result is shown in figure 3.5.
It is seen in figure 3.5 that S11 has better performance at feeding length 3.167
mm wider than working frequency from 9 to 11.9 GHz. While other feeding
lengths value tend to reduce S11 absolute value and narrower the bandwidth.
3.4. Polarizer Design 40
Figure 3.6: Binomial Slot polarizer design in a square waveguide of pyramidal
horn antenna
3.4 Polarizer Design
Waveguide polarizer transforms linearly polarized wave to circularly polarized
wave. Common Polarizer was designed with stepped septum polarizer, which
has five steps and ten parameters[13]. In this research, three polarizer design
was made with binomial, Poisson, and gaussian function slot on edge slope
septum polarizer. Using these design methods will reduce parameter, easy to
make with 3D printer and produce wide-bandwidth.
3.4.1 Binomial Septum Polarizer
Binomial function in 2.22 is utilized to make the septum profile. In order to
adjust slot peak the function is multiplied with a variable and rewrite as :
F (x) = Ab
 n
x
 px(1− p)n−x (3.5)
binomial septum polarizer design implementation in pyramidal horn antenna
with CST software is shown in figure 3.6. Some simulation of true value and
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Figure 3.7: Axial ratio simulation result with Binomial septum polarizer
amplitude value was done and optimized simulation result using Binomial po-
larizer is shown at figure 3.7. It is seen that with this true value (0.625) center
frequency was achieved at 9.6 GHz that has the lowest axial ratio at 0.2 dB.
The bandwidth of axial ratio below 3dB from 9.3 to 10 GHz.
3.4.2 Poisson Septum Polarizer
The second design polarizer is implemented using poisson function inside square
waveguide. As in equation 2.25, the poisson function has only mean parame-
ter. In order to adjust its value a scale variable was multiplied and rewrite as
:
F (x) = Ap
λx.−λ
x
, x = 0, 1, 2, ... (3.6)
Design of poisson polarizer inside square waveguide is shown in figure 3.8. The
polarizer length in z axis is 44.59 mm. The slope slot is made according to pois-
son function, with proper value of mean and scale variable, this antenna can
produce widebandwidth circularly polarized wave (axial ratio≤ 3dB). Para-
metric study of mean and scale variable are shown in figure 3.9 and 3.10. From
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Figure 3.8: Poisson Septum Polarizer design in a square waveguide of pyrami-
dal horn antenna
Figure 3.9: Mean value effect to axial ratio
the figure we can see that µ = 44.7 and Ap = 25 are the best choice value among
others in term of widebandwdith of axial ratio especially in working frequency.
3.4.3 Gaussian Septum Polarizer
The third septum polarizer was made using Gaussian function septum polar-
izer. Equation 2.24 gaussian function in chapter 2 was utilized and scaled with
the magnitude value Ag variable and rewrite as :
f (x) = Ag
1√
2piσ
e
−(x−µ)2
2σ2 (3.7)
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Figure 3.10: Poisson magnitude scale value effect to axial ratio
Figure 3.11: Gaussian Septum Polarizer design in a square waveguide of pyra-
midal horn antenna
The designed pyramidal horn antenna with gaussian septum polarizer is shown
in figure 3.11.
Understanding the effect of standard deviation, mean, and scaled variable to
axial ratio is important to get wide bandwidth operation of the circularly
polarized horn antenna. Each of parametric study was simulated in CST and
the result are shown in figure 3.12,3.13 and 3.14. Analysis of the effect for
each variable can be described in those figure. For example, in figure 3.12,
mean value of gaussian function were sweep to three different value 23.269,
33,269 and 43.269. The widest axial ratio ≤ 3dB bandwidth is achieved with
u=33.269. Then, in figure 3.13, gaussian standard deviation are differentiated
to four value 5.2, 6.2,7.2 and 8.2 which 6.2 is the widest axial ratio below 2
dB. Finally, gaussian amplitude scaled parameter are also simulated at three
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Figure 3.12: Simulation Result Of Gaussian mean value Effect to axial ratio
Figure 3.13: Simulation Result Of Gaussian Standard Deviation value Effect
to axial ratio
value 28.48, 48.48 and 68.48 in figure 3.14. It is seen that 48.48 amplitude
scale value is the best choice to have widest bandwidth axial ratio ≤ 3dB than
other value.
3.5 3D Printer Fabrication
Fabrication of 3D horn antenna, waveguide, and the cavity was utilized 3D
printer with Fused Deposition Modeling (FDM). The process in Fused deposi-
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Figure 3.14: Simulation Result Of Gaussian scaled value Effect to axial ratio
tion modeling (FDM) printer can be shown in Figure 3.15, the plastic material
is extruded through the nozzle, which refers to the cross-sectional part of 3d
object geometry. The material is provided in a filament, but some other use
plastic pellets fed from a hopper. The nozzle equipped with a resistive heater
that keeps the filaments at a temperature just above its melting point in order
to make it flow from the nozzle and forms shape of an object layer by layer.
The plastic is hardened immediately after flowing from a nozzle and binds to
the previous layer. Layer thickness and vertical dimension accuracy are deter-
mined by the diameter of die extruder, while in the x-y field resolution can be
achieved until 0.001 inches. Various available materials include ABS, Polylac-
tide (PLA), polycarbonate, polyethylene, polypropylene, and many others.
Scovoo c170 is a Japan trademark 3D printer that utilizes FDM technology.
This 3D printer is a desktop 3d printer that only prints polylactide PLA fil-
ament 1.75 mm. The extruder is 0.3 mm with an external heater and NTC
thermistor for feedback control printing temperature. External fan DC 12
volt is provided to cool the stepper motor extruder to maintain thermal opera-
tion. Maximum volume dimension can be printed is 150x150x175 mm3. Detail
specification can be described in table3.2.
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Figure 3.15: FDM 3D Printer Concept [12]
Table 3.2: Scoovo C-170 specification
Specification Scoovo c170 - BK
Colour Black
Body dimension 404 x 376 x 333 mm (height x wide x depth)
Main material exterior panel Aluminium Alloy (2 mm)
Main material internal casing Stainless steel (1.6mm,1.2mm,1.0mm,0.8mm)
Number of Extruder 1
Minimum pitch layer 0.1 mm
Maximum model dimension 175x150x150 mm (height x wide x depth)
Material Filament PLA 1 (1.75 mm)
Transfer data File method USB.2
OS suppport Windows xp/vista/7/8
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Figure 3.16: Scoovo C170 3D Printer
3D structure model will be sliced at a fine resolution such as 0.2 mm thickness
with software slicer repetier host. The gcode will be generated and sent to 3d
printer controller via USB cable to move x,y, and z-direction while extruder
printer extrudes PLA filament at certain temperature 220o celsius. The scoovo
c170 and software slicer are shown in Figure 3.16 where pyramidal horn and
cavity were printed.
The 3d structure shape that can be printed well with FDM 3d printer tech-
nology has some limitation dimension. Table 3.3 . Below is a design rule for
FDM technology 3d printer which can be followed in making parts. Printing
time of these two-part antenna takes about 2.5 hours.
The horn antenna was printed directly with polarizer inside waveguide and
back cavity wall was printed separately. The printed antenna is shown in
figure 3.16 with orange color PLA filament material.
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Table 3.3: FDM Design Rule
Object Type Minimum value
Supported walls 0.8 mm
Unsupported walls 0.8 mm
Support and overhang 45o
Embossed and engraved details 0.6 mm wide and 2 mm high
Horizontal bridges 10 mm
Holes 2 mm
Connecting/moving parts 0.5 mm
Minimum features 2 mm
Pin diameter 3 mm
Tolerances +/- 0.5%
3.6 Conductive Coating
Horn antenna and waveguide can be working well with a metal conductor.
While the 3D printer antenna in this research is made from PLA that it is
not a conductor. Therefore it is needed to laminate the surface of the printed
antenna with conductive metal spray. In this lamination process, the layer of
thin metal will cover PLA material with metal such as copper compound spray.
This layer will allow the antenna working well in propagating microwave and
have good impedance matching as well as high gain.
As in table 2.3, silver and copper has very good conductivity and relatively low
cost. Two types of copper-silver conductive paint were used in this research
one from noise hell product series SP-D 03 high shield and the other from
polycalm PCS107 AgCu spray.
Finished Metalization of the 3D printed antenna is shown in figure 3.17. In
this process, the printed part is polished with sandpaper to provide a smoother
surface. The conductive copper silver paint is brushed about three layers so
that all surface connected and covered well. The coated antenna was tested
with an ohmmeter to check whether it is good conducting in a different part
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Figure 3.17: Copper conductive Coated 3d printed Horn Antenna
of antenna surfaces.
The thickness of the coating layer should be more than a skin depth minimum
of conductive copper coating. Skin depth is characteristic of microwave depth
penetration in a certain frequency and stated as [4].
δs =
1
α
=
√
2
ωµσ
(3.8)
where σ is conductivity (s/m). For copper σ = 5.8131 x 107[4], skin depth
minimum at 10GHz is 6.6 x 10−7. Therefore, only very thin coating is needed
to make low loss microwave horn antenna.
Chapter 4
Experiment Result and Analysis
In this chapter, the finished fabricated horn antennas experimental measure-
ment are described and analyzed. The Measurement performance of antennas
can be shown in its S11, axial ratio, gain, and radiation pattern. The an-
tenna should have 800 MHz bandwidth from 9.2 GHz until 10 GHz working
frequency.
4.1 Horn Antenna PLA Material Characteris-
tic
The Horn antenna is made from polylactide (PLA) material. 3D printer FDM
technology scoovo c170 with 0.3 mm hot extruder melts the PLA at 2200 celsius
and three axes motor stepper direct the extruder movement to construct 3D
objects Horn, Waveguide and Cavity structures. The 3D structures slices at
0.2 resolution and 20% inner filling material, in order to make lighter and finer
surface but still good strength. The set up of printer and material was done
50
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Figure 4.1: Horn Antenna PLA Material Dielectric Measurement
with a cura slicer software and produced G-code which determine position and
movement of X-Y-Z and extruder motor stepper in a 3D printer.
After printing the 3d structures, it is important to know the dielectric of ma-
terial PLA Horn antenna. Dielectric measurement kit probe 85070 was used
to get the characteristic dielectric constant of PLA horn antenna, as shown
in figure 4.1. Short, water and air calibration were done before measurement
in order to get good measurement result. The Horn antenna PLA material
dielectric measurement result is shown in figure 4.2.
from the above measurement result, dielectric constant or relative permittivity
can be stated in below equation :
r = e
′
+ je” = 2 + j0.125 (4.1)
Real part e
′
describes its capability in save the electric energy, while imaginary
part e” determines leakage current due to resistance losses. The last term
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Figure 4.2: Dielectric Permittivity PLA Horn antenna
Figure 4.3: Two Port Scattering Matrix
usually called and stated in loss tangent term as following equation :
tanσ =
e”
e′
=
0.125
2
= 0.0625 (4.2)
4.2 Impedance bandwidth (S11) of The Horn
Antennas
S11 is a scattering matrix element that show how many power reflected back
to input 1 when this input transmit its power to a load. It is illustrated in
figure 4.3.
In antenna measurement, input power comes from VNA Agilent to horn an-
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Figure 4.4: S11 Simulation and Measurement comparison of The Binomial
Polarizer Horn Antenna
tenna through a cable feeder. This VNA has a 50-ohm impedance output.
S11 shows the impedance bandwidth of antenna that still has good matching
impedance with the transmitter impedance output. The finished horn anten-
nas S11 were measured after short-open-load calibration had been done well.
S11 below -10 dB is a bandwidth of antenna impedance, wherein this limit
the power can be transmitted well above than 90%. The Results of The Horn
antennas S11 measurement are shown in figure 4.4,4.5 and 4.6.
Figure 4.4 shows S11 below -10 dB from 9.03 to 11.79 GHz which is almost
similar with simulation result. It can be achieved due to good fabrication of
microstrip feeding and position to end cavity in quarter wavelength.
From three s11 figures measurement result, the impedance bandwidth from 9.2
to 10 GHz is achieved. More detail S11 impedance bandwidth for every horn
antennas is explained in table 4.1.
The binomial polarizer horn antenna with microstrip line feeding method is in
agreement with simulation and achieve the widest S11 bandwidth compare to
stripline feeding in two others horn antenna. This is due to more difficult and
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Figure 4.5: S11 Simulation and Measurement comparison of The Poisson Po-
larizer Horn Antenna
Figure 4.6: S11 Simulation and Measurement comparison of The Gaussian
Polarizer Horn Antenna
Table 4.1: S11 Measurement Bandwidth of The Pyramidal Horn Antennas
Antenna Name S11 Bandwidth (GHz) Bandwidth (%)
Binomial polarizer Pyramidal horn 9.03 - 11.79 28.75
Poisson polarizer Pyramidal Horn 9.105 -10.156, 10.885 ≥ ≥20
Gaussian polarizer Pyramidal Horn 9.19 - 10.93 18.125
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smaller width in stripline and more precision is needed than microstrip. There-
fore a small different and missallignment in stripline fabrication and assembly
can generate losses.
4.3 Axial Ratio of The Horn Antennas
Measurement of antenna polarization is importance because antenna with the
same polarization will resonate strongly while different one will be some losses.
For example, an antenna with a vertically polarized wave transmitter and
horizontally polarized receiver will receive a very low signal due to mismatch
losses.
In the ellipse or circularly polarized wave can be described in figure 4.7. This
figure shows the clockwise rotation of the electric field in propagation. The
major and minor axis of ellipse is importance parameter that stated in axial
ratio as equation :
AR =
OA
OB
(4.3)
Circular polarisation wave has AR value less than 3dB, and time phase delay
between Ex and Ey is 90 degree.
The simulation and measurement of axial ratio results are shown in Figure
4.8,4.9 and 4.10 for Binomial polarizer Horn antenna, Poisson Polarizer Horn
antenna and Gaussian Polarizer Horn antenna. The binomial polarizer horn
antenna has an axial ratio bandwidth from 9.4 GHz to 10 GHz or 6% fractional
bandwidth. While the Poisson polarizer horn antenna has wider axial ratio
bandwidth from 9.6 GHz to 10.6 GHz or 10% fractional bandwidth. The widest
axial ratio bandwidth is shown in The Gaussian Polarizer horn antenna from
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Figure 4.7: polarization in Plane wave at Z=0 as time function[8]
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Figure 4.8: Axial ratio of Binomial Polarizer Pyramidal Horn Antenna
Figure 4.9: Axial ratio of Poisson Polarizer Pyramidal Horn Antenna
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Figure 4.10: Axial ratio of Gaussian Polarizer Pyramidal Horn Antenna
8.3 GHz to 11.1 GHz or 28.9% fractional bandwidth. The circularly polarized
wave can be generated with these three functions with different bandwidth due
to polarizer that changes linearly polarized wave to circularly polarized wave.
4.4 Gain of The Horn Antennas
The gain of antenna is related with its physical area. Common Horn antenna
has 50% efficiency and can be stated as equation below [8] :
G0 =
1
2
4pi
λ2
(a1b1) (4.4)
Where a1 and b1 is horn aperture in E and H-Plane. In this research, two
horn antenna has the same dimension aperture (37.5 mm x 45 mm) are a horn
with Poisson polarizer and with Gaussian polarizer while horn with binomial
polarizer has a smaller aperture dimension (40 mm x 40 mm).
The gain of finished fabricated horn antenna can be measured and compared
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Figure 4.11: Gain Measurement Setup inside Chamber
with known gain standard antenna such as dipole with 2.5 dBi gain as can
be described in Figure 4.11 while the transmitter antenna is used RHCP and
LHCP cone antenna respectively.
The gain measurement results can be shown in figure 4.12 for Horn antenna
with binomial, Poisson and Gaussian function polarizer.
It is shown from figure 4.12 that Gaussian horn antenna has 10-13 dBiC gain
the highest among another antenna. While Poisson and Binomial Polarizer
Horn antenna only has about 8-12 dBiC at working frequency.
4.5 Radiation Pattern of The Horn Antennas
The radiation pattern is important as a SAR sensor collects its back-scattered
signal from the earth’s surface that electromagnetic wave main beam com-
monly 3dB beamwidth incidence. SAR sensor needs small sidelobe and back
lobe radiation pattern in order to avoid noise signal from an undesired direction
reflected signal.
The radiation pattern of finished fabricated horn antenna measured in the
chamber, as shown in figure 4.13 and the process of measurement is also de-
scribed. From figure 4.13, firstly the horn antenna and cone transmitter an-
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Figure 4.12: Gain vs Frequency Simulation and Measurement Result (a) Bi-
nomial Polarizer (b) Poisson Polarizer and (c) Gaussian polarizer
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Figure 4.13: Radiation Pattern Measurement (a)diagram (b)photo
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Figure 4.14: E-Plane Binomial Polarizer Horn Antenna Radiation Pattern
Figure 4.15: H-Plane Binomial Polarizer Horn Antenna Radiation Pattern
tenna adjust so that their position horizontally and vertically inline using laser
pointer. The table and horn antenna turn every 1 degre while VNA transmit
and receive signal to measure S21 scattering matrix. Then, The 360 degree
collected measurement data is compared to dipole standard sweep measure-
ment data to get radiation pattern for every degree. The result normal gain
versus theta sweep angle are shown in figure 4.14 to 4.19 for horn antenna with
Binomial, Poisson and Gaussian polarizer function respectively.
From radiation pattern measurement result, the 3dB beamwidth of horn an-
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Figure 4.16: E-Plane Poisson Polarizer Horn Antenna Radiation Pattern
Figure 4.17: H-Plane Poisson Polarizer Horn Antenna Radiation Pattern
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Figure 4.18: E-Plane Gaussian Polarizer Horn Antenna Radiation Pattern
Figure 4.19: H-Plane Gaussian Polarizer Horn Antenna Radiation Pattern
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Table 4.2: Comparison of 3dB Beamwidth in E-Plane Radiation Pattern Mea-
surement
Binomial (deg) Poisson (deg) Gaussian (deg)
50 35 50
Figure 4.20: Array 8x8 elements
tenna in E-plane can be resume in table 4.2.
From comparison table 4.2, Poisson polarizer horn tends to have small 3dB
beamwidth (35 degrees) than the others, but it has a very lower gain of about
ten dBiC than Gaussian Polarizer Horn antenna. While Gaussian polarizer
horn antenna has the lowest sidelobe ≤-13 dBiC and the lowest back lobe
≤-20 dBiC than the two others antenna.
4.5.1 Array Antenna Simulation Result
Two array configuration is simulated in CST to increase gain and focus the
beamwidth. The first configuration in figure 4.20 is normal position no gap
between the aperture of horn antenna elements, while the second one in figure
4.21 is sifted 10 cm in the y-axis and 20 cm in x-axis between each element.
The second configuration is made to decrease the grating lobe effect due to
the distance ≥ λ between elements.
The simulation results in figure 4.22 and 4.23 are shown that in E-plane and
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Figure 4.21: Array 8x8 sifted elements
Figure 4.22: E-plane Gain Radiation Pattern Array 8x8 elements
H-plane, the second configuration has lower sidelobe and decrease grating lobe.
The peak gain at 9.6 GHz is 24 dBiC for 8x8 elements array.
4.6 Polarization of The Antennas
Polarization of electromagnetic wave can be horizontal, vertical, ellipse, or
circular. The same polarization antenna will have good resonance and re-
ceive more power than different polarization antenna in the SAR system and
telecommunication system. Therefore, knowing the polarization of an antenna
is very important.
Simulation in CST of horn antenna can be made to show E-field pattern for
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Figure 4.23: H-plane Gain Radiation Pattern Array 8x8 elements
every phase in the same Z plane. For example, figure 4.24,4.25 and 4.26 show
the result of simulation of horn antenna at 9.6 GHz with binomial, Poisson and
Gaussian polarizer. These figures will show the orientation of E-field in one
plane as an indicator whether the antenna is LHCP (Left Handed Circularly
Polarized) or RHCP (Right Handed Circularly Polarized).
Figure 4.24,4.25 and 4.26 show that E-Field vectors turn to left every 90 degree
phase. Therefore polarization of these horn antennas will be Left Handed
Circularly Polarized (LHCP).
4.7 Comparison With Previous Research
Many methods are developed to produce circularly polarized horn antenna.
Some researchers utilized stepped septum inside square waveguide such as in
[28, 30, 29] in order to make CP-Horn antenna. While others improve this
stepped septum with other function such as sigmoid function[31] and Leg-
endre function [32]. All of these methods have many parameters in design
the polarizer and difficult to fabricate with FDM 3d printer and conductive
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Figure 4.24: E-Field Simulation Result of Horn Antenna with Binomial Polar-
izer
Figure 4.25: E-Field Simulation Result of Horn Antenna with Poisson Polarizer
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Figure 4.26: E-Field Simulation Result of Horn Antenna With Gaussian Po-
larizer
coating.
Some researchers also design polarizer with metamaterial surface such as in
[?] where the surface put in front of horn’s aperture, thus provide additional
volume and weight.
In this research, three probability distribution are evaluated and used to build
septum polarizer inside the square waveguide. With this three curve function,
pyramidal horn antenna can provide Circularly Polarized microwave, less pa-
rameter is needed and easy to fabricate with a 3d printer as well as conductive
coating. The table 4.3 is summarized the comparison of Gaussian function
polarizer on a waveguide of a pyramidal horn antenna, and previous research
mention above.
It is seen in table 4.3 that this research perform wide bandwidth axial ratio less
than 3dB as Circularly polarized wave and less parameter number. Besides,
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Table 4.3: Comparison with previous methods
Horn type Polarizer AR≤3dB Parameter
Pyramidal Gaussian Septum 28% 4
Conical Stepped Septum[28] 18.6% 10
Pyramidal Stepped Septum[29] 5% 10
Corrugated Conical Stepped Septum[30] 5% 10
Conical Sigmoid[31],Legendre Septum[32] 5%,20%,25% 10,9
Pyramidal metamaterial[?] 0.8%,1.4% 7
using 3D printer method fabrication in this work, low cost and low weight are
achieved than common solid metal waveguide horn antenna.
Chapter 5
Conclusion
In this research, septum polarizer waveguide using Gaussian, Binomial, and
Poisson Function was developed and give wide bandwidth result for X band
SAR Pyramidal horn Antenna sensor.
The advantage of Horn antenna and 3d printed technology make the sensor
lightweight, high gain, and narrow beamwidth can be achieved in this design.
Therefore, this single element antenna can be used as an element of SAR sensor
array microsatellite for remote sensing shortly as JMRSL new type of X-band
CPSAR sensor on a microsatellite.
The PLA material of the horn antenna had been measured with a dielectric
probe and was an input to simulate in CST. Metalization with conductive
copper coating process was able to coat in pyramidal horn antenna in order to
provide microwave propagation in TE Mode. This coating method is difficult
to control the thickness layer; in this research, three layers were used that
approximately 0.4 mm thickness layers coating were provided. This thickness
layer is enough according to skin depth requirement for copper.
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The feeding method uses planar microstrip feeding is easier to integrate into
the next array configuration and more planar than the waveguide network.
The challenge is that alignment is needed to do very precision with another
part such as waveguide and waveguide cavity in order to have a good reflection
coefficient and minimize losses.
In the future, this single element horn antenna can be expanded in a planar
array configuration to enhance gain, and provide pencil or narrow beamwidth
as a requirement of CP-SAR sensor on a microsatellite. Other technology
of space-grade polymer filament material that can adapt with space environ-
ment should use in the real implementation for microsatellites such as PEEK
polymers that suitable with an additive 3d printer.
This horn antenna also can be used as a feeder of parabolic mesh antenna on
JMRSL CP-SAR microsatellite folded system.
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Appendix B
CST Transient Solver
Simulation based on Finite
Integral Technique
CST MICROWAVE STUDIO R© (CST MWS) provides several effective solver
modules. Moreover, beside its prominent time domain solver, primely present-
ing the PERFECT BOUNDARY APPROXIMATION (PBA) R©, CST MWS
also inserted modules based on a lot of distinction methods such as finite el-
ement method (FEM), method of moments (MoM), multilevel fast multipole
method (MLFMM) and shooting boundary ray (SBR), each providing different
benefits in their particular domains.
CST MWS offers numerous simulation approach enables the user to easily
chose the most suitable solver to solve their design problems, such as transient
solver, frequency-domain solver, eigenmode solver, resonant solver, integral
equation solver, asymptotic solver, and TLM solver.
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Waveguide and horn antenna structure in this design is simulated using the
transient solver that mathematical based on Finite Integral technique(FIT).
Weiland develops FIT in 1977 that provides a discrete formulation of Maxwell’s
equation in its integral form. The first discretization of FIT consists of the
restriction of electromagnetic problem to bounded and connected space region
ΩR3, which contains the space of interest.
The next step consists in decomposition of computational domain Ω into a
finite number of simplicial cells Vi such as tetrahedra or hexahedra. This
decomposition yields the finite simplicial cells complex G, which serves as a
computational grid. However, for simplicity, it is assumed that Ω is a brick-
shape, so that get a cell complex.
G := Vi,j,kR
3|Vi,j,k := [xi, xi+1]× [yi, yi+1]× [zi, zi+1], i = 1, ..., I − 1, j = 1, ..., J − 1, k = 1, ..., K − 1
(B.1)
This results in the total number of NP := I.J.K mesh points for (I-1).(J-1).(K-
1) mesh cells. The FIT can be restricted to a single cell volume of Vn. Starting
from Faraday’s law in integral form
∮ →
E
(→
r , t
)
· d →s= −
∫∫
∂
∂t
→
B
(→
r , t
)
· d →A ∀AR3 (B.2)
can be rewritten for a facet Az(i, j, k) of Vn as the ordinary differential equation
−
ex (i, j, k)+
−
ey (i+ 1, j, k)− −ex (i, j + 1, k)− −ey (i, j, k) = − d
dt
−
bz (i, j, k),
(B.3)
81
Figure B.1: A cell Vi,j,k−1 of the cell complex G.[33]
as shown in Figure B.1 , where the scalar value
−
ex (i, j, k) =
xi+1,yj ,zk∫
xi,yj ,zk
→
E ·d →s
is the electric voltage along one edge of surface Az(i, j, k), representing the
exact value of integral over the electric field along this edge. The scalar value
−
bz (i, j, k) =
∫ →
B ·d
→
A
Az(i,j,k)
represent the magnetic flux, i.e., the integral value over
the magnetic flux density, through the cell facet Az(i, j, k). The equation B.3
can be collected in a matrix form
C
−
e= − d
dt
−
b (B.4)
where matrix C contains topological information on the incident relation of
the cell edges within G and on their orientation. Therefore the matrix only
has Ci,j (−1, 0, 1). It represent a curl-operator on the grid G.
The second discrete differential operator to be considered is divergence opera-
tor of Maxwell’s equation.
∫ ∫
∂V
→
B (
→
r , t) · d →A= 0∀V R3 (B.5)
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Figure B.2: This figure depicts the allocation of the six magnetic facet fluxes
which have to be considered in the evaluation of the closed surface integral for
the non-existence of magnetic charges within the cell volume.[33]
which is considered for a cell Vi,j,k as shown in figure B.2.
The evaluation of the surface integral in B.5 for the depicted brick cell yields.
− −bx (i, j, k)+
−
bx (i+ 1, j, k)−
−
by (i, j + 1, k)−
−
bz (i, j, k)+
−
bz (i, j, k + 1) = 0
(B.6)
This equation can be expanded to all cell complex G and yields the discrete
divergence matrix
S
−
b= 0 (B.7)
where SRNP×3NP matrix also depend on topology as C matrix.
The two remaining Maxwell’s equation requires the introduction of a second
cell complex
∼
G which is dual to primary cell complex G. For the cell complex
pair G,
∼
G the complete set of a discrete matrix equation, the Maxwell-Grid-
Equation (MGE) is given :
83
Figure B.3: This figure shows the spatial allocation of a cell and a dual cell of
the grid doublet G,
∼
G[33].
C
−
e= − d
dt
−
b;
∼
C
−
h=
d
dt
−
d +
−
j, (B.8)
S
−
b= 0;
∼
S
−
d= q. (B.9)
